Abstract-Our ability to align three Gabor patches depends upon their internal carrier orientation; we are better at aligning vertical or horizontal patches than oblique patches (Keeble and Hess, 1998) . However, the tuning of alignment to patch orientation has not studied in detail. We measured the alignment of a vertical target with reference patches varying in orientation and found it tuned to vertical (collinear) patches at centre-to-centre separation of three carrier periods, with a steep increase for oblique references and slight downturn for horizontal (orthogonal) references. Next, we increased separation between the patches, testing collinear, side-by-side, orthogonal and oblique con gurations. Surprisingly, we found that the tuning for collinear patches was preserved. All ten observers tested had lower alignment thresholds for collinear patches. This effect extended to an inter-patch separation of 10 carrier periods (20 envelope standard deviations). Additionally, we measured contrast detection thresholds for the reference patches using the same stimuli. The collinear facilitation of alignment was even greater than the collinear facilitation of detection.
INTRODUCTION
Vernier acuity (our ability to align visual stimuli) can be narrower than the width of a single photoreceptor, and therefore, it seems, requires cortical processing (Berry, 1948) . In an attempt to study the cortical processing of spatial localization, researchers have studied the localization of Gabor patches, sinusoidal grating in a 2D Gaussian envelope, stimuli close to the response patterns of cortical neurons (Ohzawa et al., 1997) . These studies found that the observers did not try to align the narrow internal bars of the patches but instead used only the external envelope or centroid as the target of alignment. Therefore, it has been claimed that the collinearity of Gabor patches does not improve our ability to determine their alignment (Hess and Holliday, 1992; Kooi et al., 1992; Hess and Hayes, 1993; Hess, 1998, 1999) . Keeble and Hess (1999) hinted that a comparison between collinearity effects on detection and alignment would yield considerable differences between the two tasks, with effects on detection but not alignment. Collinearity can facilitate detection by about factor of two (Polat and Sagi, 1993, 1994a, b) . One of the goals of the present study was a direct comparison between these two tasks. Keeble and Hess (1998) showed that the accuracy with which we align Gabor patches can, however, be in uenced by the orientation of the carrier grating. Speci cally, they showed that thresholds are raised by an oblique carrier. However, they did not measure the tuning of alignment thresholds to orientation -how low thresholds for vertical and horizontal carriers increase as the orientation of the patches becomes increasingly oblique.
Using a 3-Gabor con guration, we measured thresholds for the alignment of a vertical target while varying reference orientation (0-90 ± ). We tested the effect of separation (0.3-1.6 deg, equivalent to 2-10¸, or 3:8-19¾ ) for a range of con gurations (collinear, side-by-side, orthogonal, oblique). We compared alignment thresholds with detection thresholds under the same conditions . We found that, contrary to previous publications , alignment thresholds (like detection thresholds ) are lower for collinear Gabor patches.
METHOD

Subjects
There were altogether 10 subjects, including two of the authors (AP and UP). Data from 3-4 observers are shown for each test. Apart from the authors, all were naive as to the purpose of the study. All had normal, or corrected to normal, visual acuity except for YG who had uncorrected astigmatism in the vertical meridian.
Apparatus and stimuli
The stimuli were circularly-symmetric , cosine-phase Gabor patches of wavelength 10 arcmin (spatial frequency 6 cpd), ¾ D 5:3 arcmin, presented at 50% contrast at maximum amplitude, modulated from a background luminance of 40 cd m ¡2 . Stimuli were presented on a SONY multiscan TC colour monitor, using a Silicon Graphics Crimson Reality Engine system. The effective size of the monitor screen was 34 £ 40 cm, which at a viewing distance of 150 cm subtended a visual angle of 13 £ 15 deg. The resolution of the screen was set at 1084 £ 1280 pixels, so that each pixel was 0:7 £ 0:7 arcmin. The experiment was conducted in a dark cubicle, where the only ambient light came from the display. Stimuli were centred on the monitor screen, with a horizontal positional jitter of §15 arcmin (1:5¸) added to prevent the use of absolute localization in the vernier task. This jitter was preserved in the contrast-detectio n task, so as to duplicate the conditions of the vernier stimuli as closely as possible.
Tuning to the orientation of the two outer, reference patches was determined with the centre-to-centre patch separation xed at 3¸(30 arcmin), and the central patch vertical. Separation was then varied from 2-10¸(20-100 arcmin), with the central patch vertical or horizontal and the outer patches both vertical, horizontal, or oblique at 45 deg.
The time sequence of the trials was: xation 200 ms, stimuli 80 ms, blank screen until observer responds. In the contrast detection task a two-interval procedure was used, with a 500 ms delay between two intervals (there was no second xation). In the detection experiment, online auditory error feedback was provided in the form of a loud bleep. Stimuli were viewed either monocularly or binocularly, as indicated in the gure legends.
Procedure
Trials were blocked according to con guration and separation. Subjects completed all the trials for a given orientation of the central target patch, before moving on to a different target orientation. The different orientations of the outer patches were all tested at the same centre-separation, before moving on to another separation. The different separations were presented in an arbitrary order, which was recalculated for each subject. Thresholds were measured using a 1-up 3-down staircase, which is used to estimate the stimulus strength at the 79% correct level. Four estimates for each datum point were obtained using four randomly-intermixe d concurrent staircases in order to optimize the estimate of error associated with each point.
To measure detection contrast, a two interval procedure was used. The subject indicated whether the target was seen in the rst or second interval. For vernier acuity, a single-interva l procedure was used, where the task was to indicate whether the central target was left or right of the outer, reference patches. The vernier alignment thresholds obtained represent the difference between left and right target displacements at threshold, i.e. twice the displacement from centre.
This procedure gives an estimate of the alignment threshold ignoring bias. We acknowledge that subjective biases often exist and in our paradigm they would have served to raise the obtained threshold. Biases, like an increased spread of responses, clearly disrupt alignment performance and therefore the obtained measure is referred to as an alignment threshold rather than an acuity threshold, as it re ects the threshold for aligning the stimuli correctly rather than the acuity with which they can be aligned (albeit with potential bias). Notwithstanding , there is no reason to suppose there should be a particular directional bias, as in no conditions could the stimuli be conceived of as forming a contour in a particular direction.
RESULTS
As can be seen from Fig. 1 , where acuity (arcmin) is plotted against outer patch orientation (degrees), performance with the collinear (0 deg) reference patches was best, oblique (22 or 45 deg) worst, and orthogonal (90 deg) slightly better than oblique, but thresholds were still much higher than in the collinear con guration. The effect of orientation was the same in all four observers who completed this set. Figure 2 shows vernier acuity thresholds plotted as a function of separation, in the different con gurations tested. Table 1 summarizes parameters tted to this data. Vernier acuity thresholds were lower in the collinear con guration, by a constant difference of about 1-2 arcmin, at all the separations tested. Thresholds increased with separation in all the con gurations tested, with a slope of about 6% Figure 1 . Acuity as a function of outer reference patch orientation (central, target patch remained vertical). Acuity (arcmin) is plotted against outer, reference Gabor orientation (degrees, 0 D vertical) at a xed centre separation (3¸). Thresholds increase with increasing orientation difference, peaking at 45 deg, with a slight downturn for the orthogonal con guration (90 deg). All observers were tested monocularly. Table 1 .
Power function and linear parameters tted to the data in Fig. 2a . Collinear thresholds increased linearly with separation, non-collinear thresholds increased by a square root function (approx.). Slopes for linear functions varied little between conditions. Non-collinear line-ts were generally 1-2 arcmin above collinear ones. This difference was smaller in YG, possibly due to uncorrected astigmatism in the vertical meridian (1d=1s, where d is acuity (arcmin) and s is separation (converted into arcmin)). On log-log axes, the slope was on average close to 1 (Weber Law) for the collinear con guration, slightly lower for the other con gurations (Table 1) . Similar results were obtained with the horizontal task (Fig. 2b) , although here the slopes were somewhat shallower. Equating the contrast of the outer patches to 10 threshold units (20 dB above threshold ) made no difference to the collinear advantage, although slopes were shallower (Fig. 2d) . At larger separations (10¸) acuity for the side-by-side patches was as good as that with collinear patches. As the data for HH (Fig. 2c) illustrate, although the order of thresholds in the different con gurations is roughly preserved at 10¸, the differences at this distance are no longer beyond the error bars, which suggests a waning of the collinearity advantage at larger separations. Alignment acuity for the collinear con guration was better than other con gurations. Side-by-side Gabor patches could also be aligned slightly more accurately than the orthogonal and oblique con gurations at the small separation (3¸), and as well as the collinear con guration at the largest separation (10¸) (Fig. 2c) . Both had an advantage over the two orthogonal con gurations, which yielded equal thresholds. Poorest performance was with oblique outer Gabor patches, over the entire range of separations tested. Figure 3 shows contrast detection thresholds. Mean data are shown for 3 observers at each separation (3 and 10¸) (Fig. 3a) . The outer patches most salient in the collinear con guration. Thresholds rose with increasing separation in all the con gurations tested. Iso-oriented side-by-side patches were also slightly more visible than orthogonal and oblique con gurations. At 3¸, the poorest performance was obtained with oblique outer Gabor patches. However, by 10¸this oblique effect had disappeared. Outer patch detection and alignment thresholds follow similar functions with respect to separation in the different con gurations, but power slopes for collinear patches are slightly steeper in the case of alignment (Fig. 3b) .
DISCUSSION
To summarize the results: Alignment was tuned to collinear reference orientation, with an additional slight falloff at orthogonal orientations. Thresholds were largely determined by separation, increasing with increasing separation. Collinear thresholds were lowest, followed by side-by-side, orthogonal and oblique. Alignment, as a function of separation and con guration, correlated well with thresholds for detecting the outer patches.
Alignment is tuned to collinear patch orientations , but there is also a slight downturn for orthogonal patches. It may be this downturn which has prevented some previous researchers from nding a distinction between collinear and orthogonal con gurations. Grating cues to orientation decline sharply away from 0 deg, and at 90 deg there is no Fourier orientation cue in the stimulus. Therefore, alignment in orthogonal con gurations must be based on 2nd order cues.
Small effects of collinearity were found in earlier studies, but the authors make the strong claim that collinearity does not improve performance (Kooi et al., 1991; Hess and Holliday, 1992; Keeble and Hess, 1998) : 'the fundamental result that thresholds are the same in the aligned and orthogonal conditions' (Keeble and Hess, 1999) .
This claim might be due to the interpretation of ndings which could easily be explained by Weber's Law (Toet and Koenderink, 1988) . Subsequently, effects of collinearity on alignment of 20 -50% were ignored due to the variability of the data (Kooi et al., 1991) . Hess (1998, 1999) reiterated this claim although their data shows an effect of collinearity: 'certain manipulation s of the orientations of the micropatterns can disrupt performance in 3-patch alignment tasks, contrary to what has been thought, but the presence of a principal orientation never improves performance' (Keeble and Hess, 1998) ; 'collinearity or curvature completion only differentially aids performance in detection tasks [their italics] : : : and not in other tasks such as alignment : : : [our italics],' (Keeble and Hess, 1999) .
Given that collinear interactions improve alignment, this contributio n will be limited by the strength of the collinear interactions. Recent studies have shown, using contrast detection, that interactions between target and ankers may be limited when using a low spatial frequency (1.5 cpd), even at 3¸separation (2.25 deg, Manaim et al., 2000) . The largest separation in our study was below 2 deg, within the range of standard collinear interactions for the 6 cpd stimuli. Other studies have used lower spatial frequencies and thus the actual separation was larger (Keeble and Hess, 1998) . This might be one of the factors that contributed to the differences between their conclusions and our own. However, a recent study measured alignment for 2.23 cpd Gabor patches and found sigini cant effects of collinearity at 2.7 deg separation (Popple and Levi, 1999) .
Evidence is mounting to show that collinearity improves alignment Popple and Levi, 1999; Akutsu et al., 1999; Levi and Klein, 2001 ). Popple and Levi (1999) failed to replicate the null nding of Keeble and Hess (1998) . Using the same stimuli they found an effect of collinearity in a sample of 20 observers, which also t most observers extrapolated from Keeble and Hess (1998) . Akutsu et al. (1999) showed that envelope asymmetry can bias 3-Gabor alignment for sideby-side patches, but for collinear patches this in uence is dependent on separation, in terms of wavelengths. At large separations, alignment of collinear patches was dependent on centroid alignment, as for side-by-side patches. However, at smaller separations this bias was greatly reduced. Therefore, it would appear that at smaller separations the visual system was able to use the grating orientation between the patches. Our present data indicate that this cue can also lead to somewhat lower alignment thresholds for collinear patches.
Like Keeble and Hess (1998) , we nd that thresholds are highest for oblique patches, extending their ndings over a large range of separations and to the case where the central patch is vertically oriented. They suggest that the oblique patches in some way mask alignment. Waugh and Levi (1995) found that oblique masks impair performance in a vernier hyperacuity task, with an orientation tuning function which is broadly similar to our results in this experiment. Findlay (1973) suggested that orientation masking in vernier acuity might be the result of a Zullner tilt illusion, in which mask orientation repels the orientation of the stimuli. A simpler explanation is that the poor acuity for oblique patches may be the result of a general reduction in acuity for obliques (Saarinen and Levi, 1993) . Such oblique effects might apply to oblique stimuli, even when the alignment task is itself carried out along a vertical or a horizontal axis.
The largest effect in the data is that of separation. Alignment thresholds increase with increasing separation between the patches, under all conditions . This increase follows Weber's law behavior, i.e. threshold is directly proportional to separation, in agreement with the circle jitter data of Keeble and Hess (1999) . The log-log slopes are slightly shallower for non-collinear patches (Fig. 2b) .
Detection thresholds for the outer patches followed a similar pattern to the acuity data, as a function of both con guration and patch separation, unlike detection thresholds for the central patch, which increase at separations below three carrier periods (Polat and Sagi, 1993) . For non-collinear patches, outer patch detection and alignment thresholds could be described by the same power function (Fig. 3b) . However, for collinear patches, alignment thresholds increased more sharply as a function of separation. This indicates that visibility, which in uences alignment by a 4th root (Hess and Hayes, 1993) is not the cause of the improved thresholds for proximal Gabor patches. When we equated the contrasts of the patches in threshold units (Fig. 2d) , we indeed con rmed this supposition . The small reduction in thresholds for side-by-side over orthogonal con gurations may, however, be the result of their increased saliency (Adini et al., 1997) .
The cause of reduced thresholds for collinear patches is more likely to be the additional grating orientation cue. To process this cue, the visual system must integrate information spatially along collinear axes, at least up to the largest interpatch separation. Two different mechanisms have been discussed in the context of lateral facilitation phenomena: 1) Spreading activation along horizontal connections in primary visual cortex (Polat and Sagi, 1993; Sagi, 1998, 1999; Usher et al., 1999; Polat, 1999) . 2) Elongated collator units in subsequent stages of cortical processing, for example in layer 6 of V1 (e.g. Polat and Tyler, 1999) . Of these two mechanisms, the latter is more easily translated to the task of alignment, as the use of oriented collators for alignment has been corroborated by recent evidence Levi, 1996, 1997) .
